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Abstract
The optimisation of the tribological properties of engineering components has 
led to the development of a number of surface coating techniques. One such 
technique is Physical Vapour Deposition (PVD) which has proved to be a 
consistently reliable method for the production of thin coatings. The PVD 
coating system used in this study was the Hauzer HTC 1000-4 ABS™ which 
utilises four unbalanced magnetrons in closed-field geometry.
A typical coating process uses Arc evaporation to clean the substrates prior to 
deposition and can involve the use of a target for this stage that is not required 
during the coating process. During deposition to prevent unused targets 
becoming coated a negative potential is applied to the cathodes. As a result, 
due to the lack of individual target shutters, the possibility of cross­
contamination between targets of different metals therefore arises.
This thesis describes research into the existence and possible effects of Cr 
cross-contamination on the physical properties of Nb coatings on M2 High 
Speed Steel (HSS) and 304 bright annealed stainless steel substrates.
During this investigation coatings were co-sputter deposited using a main Nb 
target power of 8kW and Cr target voltages of 0-3 50V in increments of 
25/50V, (the potential range commonly used to prevent unwanted deposition 
on unused targets), at a temperature of ~400°C.
The subsequent coatings were characterised using Glow Discharge Optical 
Emission Spectroscopy, GDOES to determine depth profiles of chemical 
composition, and X-Ray Diffraction, XRD to determine the structure and to 
give an indication of the intrinsic stress and texture of the coatings. Other 
testing methods included Rockwell indentation, Universal hardness, and 
corrosion tests.
GDOES indicated levels of Cr at or below the limit of calibration at target 
voltages below 200V. Above this potential an increase in the atomic % of Cr 
was found at the coating/substrate interface which increased as the potential 
was increased. This was attributed to the initially clean Cr target's higher 
sputter yield. XRD indicated body centred cubic structure for all coatings, a 
pronounced minimum in the intrinsic stress in the coatings when using a Cr 
target voltage of 150V. A reduction in the (110) texture of the coatings was 
initially also observed for this target voltage, however, subsequent repeat 
coatings failed to show the same behaviour. This reproducibility failure may 
be due to changes in the set-up of the vacuum chamber between processes. 
Rockwell tests indicated good adhesion. Ultramicrohardness tests were 
inconclusive, probably due to the thickness of the coatings which were 
approximately 400nm for all samples. Corrosion tests showed improved 
resistance to alkaline attack for the samples with increasing atomic % Cr with 
the best corrosion results observed for the coating deposited using a Cr target 
voltage of 350V.
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Chapter 1
1. Introduction
1.1. Surface Engineering
To improve the overall performance and efficiency of engineering components there have 
been great advancements in the field of surface engineering. A large number of industrial 
techniques are available to produce thin coatings deposited on suitable substrates. 
Traditional methods such as simple painting techniques and electro-plating have been used 
extensively for the last 100 years. However they have a limited range of coatings that they 
can deposit and the possibility of serious environmental pollution exists from chemical by­
products. A specific surface engineering technique which has proved to be commercially 
successful and which does not suffer from these problems is physical vapour deposition 
(PVD).
1.2. Physical Vapour Deposition
The generic term physical vapour deposition (PVD) covers a range of techniques where, 
under vacuum, the coating species is atomised by thermal energy or particle bombardment. 
Metals, alloys, ceramics and non-conducting coatings can be deposited at relatively low 
temperatures (150-500°C) on a large range of temperature-sensitive substrates. The two 
main deposition techniques are sputtering (1) and evaporation (2). This thesis, is concerned 
only with sputtering.
Sputter PVD involves the atomisation of coating material from a solid target by energetic 
bombardment with ions or neutral particles. The surface atoms are ejected due to 
momentum transfer and condense on a suitable substrate.
A problem which has been encountered with multi-target PVD systems without individual 
target shutters is the unwanted deposition of target material onto unused targets. In the 
PVD system used in this study, the Hauzer HTC-1000 (3) unused targets are masked with
1
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Aluminium foil, however if they are to be used at some point during coating a voltage is 
applied to the targets which are not in use to re sputter any deposited material.
However, this can result in the sputtering of unwanted target material, so called cross­
contamination. This primary objective of this thesis was to investigate whether potentials 
of the magnitude used to prevent unwanted deposition on unused Chromium, Cr targets 
during Niobium, Nb deposition are sufficient to cause sputtering and therefore Chromium 
contamination. If Cr contamination was detected the secondary objective would be to 
determine the effect of the contaminant on the stress, texture, hardness and corrosion 
resistance of the resultant coatings.
2
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Chapter 2
2. Literature Review
2.1 Introduction
The primary aim of this research was to study the effect on coating structure and 
properties of cross-contamination between targets of different metals in the Hauzer HTC 
1000-4 ABS™ coater, in particular in the Nb-Cr bi-metallic system.
A review of the literature indicates there have been no reported studies of the effects of 
such contamination in this or other sputtering systems. Therefore this review addresses 
key processes and issues involved in this study, in particular, (a) the design and operation 
of the ABS™ system and, (b) the fundamentals of the coating process, including 
sputtering, glow discharge, closed-field unbalanced magnetron and coating deposition and 
(c) the resulting microstructure of the deposited coatings.
2.2 The Coating Process
2.2.1 The Hauzer HTC 1000-4 ABS™ (4)
The equipment used to deposit the coatings was the Hauzer HTC 1000-4 ABS™ (Arc 
Bond Sputtering) which combines unbalanced magnetron and cathodic arc technology 
within a single unit (figure 2.1). This enables the production of coatings with excellent 
adhesion properties, via the arc, with the versatility of coating materials given by a 
magnetron source. However, for the purposes of this research, the coatings were 
deposited via magnetron alone so as not to mask potential cross-contamination at the 
substrate/coating interface.
The octagonally shaped vacuum chamber of the Hauzer HTC 1000-4 ABS™ system has a 
diagonal distance between the targets of 1000 mm and a height of 1000 mm, giving a
3
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chamber of total volume 800 1. The substrate to target distance is 300mm and the walls 
are 25 mm thick stainless steel. Figure 2.2 shows a schematic cross-section of the vacuum 
chamber.
The coater is equipped with two turbomolecular pumps with oil lubricant bearings and 
inert-gas sealing working in combination with a roots pump and a rotary-vane pump. To 
avoid the effect of 'shadowing', which produces non-uniform coatings, the substrate table 
is geared for three-fold planetary rotation.
Cathodes
The ABS™ system uses four cathodes positioned perpendicular to one another and 
mounted in pairs in the two vacuum chamber doors, each with target dimensions of 600 
mm x 190 mm. Each of these cathodes is connected to its own individual power supply, 
which can provide 80V / 100A in arc mode and 750V / 40A in magnetron mode. The
power density accepted for each cathode is at least lOWcm"^ for an acceptable coating 
rate.
A schematic diagram of one of the cathodes is given in figure 2.1. It shows the vacuum 
chamber wall (1), electromagnetic coils (2), (which allow the degree of unbalance to be 
altered via the applied coil current), target (3), magnetic yoke (4) and the centre pole 
fixturing (5). By moving the outer magnets away from the target along the fixturing the 
cathode converts from magnetron to arc mode.
4
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Figure 2.1 Schematic diagram of an ABS™ cathode
The ABS™ system is equipped with movable shutters which cover the targets. In 
Unbalanced Magnetron, UBM mode, they avoid a pre-coating of the substrate during the 
target cleaning step and in arc mode they avoid droplets reaching the substrate. The 
shutters are at floating potential, so as not to reduce the number of electrons and ions in 
the chamber. To optimise the efficiency of the shutters, they are positioned quite close to 
the targets. However, they are inter-linked so individual unused targets, which may have 
been used in the etch stage cannot be protected during the sputter deposition process. In 
practice, a certain voltage is applied to prevent the target becoming coated. In section 3.1 
the effect of this target voltage on the resultant coating is investigated.
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Figure 2.2 Schematic of the ABS coater showing the closed-field geometry 
2.2.2 Sputtering Techniques
Sputtering is the removal of surface atoms from a solid when it is bombarded with 
energetic ions or neutral particles (4). W.R.Grove (5) first discovered the phenomenon of 
sputtering in 1842 after noticing metallic deposition on the walls of a discharge tube 
accompanied by cathodic erosion. However, it wasn't until 1902 that work on the 
physical process of sputtering was published (6) and another fifty years elapsed before a 
quantitative description of the phenomena could be developed (7).
In general, sputtering is a process whereby surface atoms are dislodged and ejected from a 
solid surface due to a momentum exchange associated with the bombardment of the 
surface by energetic particles. The momentum exchange occurs primarily within a region 
extending to about 1 nm below the surface. The energy transfer from the incident particle 
to the atomic nuclei is given for a binary collision by (13):
6
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where T is the energy transfer function for a binary collision, mi and mt are the masses of 
the incident and target atoms, ©, is the projectile scattering angle and Eo the initial energy 
of the atom.
If the energy transferred from the incoming particle to the surface atoms is sufficient to 
overcome the lattice point binding energy, a collision cascade is formed due to the 
creation of primary recoil atoms. Sputtering of the surface atoms occurs if the energy 
transferred normal to the surface is sufficient to overcome the surface binding energy.
The sputtering efficiency of a target material is measured using a quantity known as the 
sputtering yield, (Y) which is defined as the mean number of atoms removed from the 
target per incident particle (8):
number o f atoms removedY=   j      equation 2.2number o f incident particles
The yield is determined for a particular target material using ions as they are easy to 
accelerate in glow discharge. However, there may also be neutral atoms, electrons or 
energetic photons present.
The yield, which is a function of the energy of the incident ions (9),(the Hauzer ABS™ (4) 
uses Ar+), target material characteristics, incidence angle, ion energy and ion mass may be 
expressed as (10):
3EtaEi .Y = — -......................   equation 2.34 tt2U0
1
where Ej is the energy of the incident ion, a  is a function of the colliding atom masses, Et
is the energy transferred in a binary collision, and Uo the surface binding energy of the 
target.
When the energy of an ion is increased from a threshold energy, say of 20eV to lOOeV, the 
sputtering yield rises rapidly. As the energy is increased further the sputtering yield 
increases almost linearly and the deposition of films on a substrate is possible (11). 
However the dependence of Y on the incident energy reduces if the ion energy is increased 
further, due to increased ion penetration (12).
Apart from the ejection of sputtered material energetic ion bombardment can cause a 
number of other physical interaction events to occur at the target surface, (13) as 
summarised by figure 2.3. These include the liberation of neutral atoms, backscattering, 
X-ray emission, photon generation, secondary electron emission, and desorption of gas 
atoms. Further, several effects can occur within the target itself including amorphisation, 
implantation, compound formation, localised heating and the creation of point defects.
SECONDARY BACKS CA1TERED 
ELECTRONS PARTICLES
GAS DESORPTIONPRIMARY 
IONS ^
SPUTTERED
PARTICLES
\  • • •• O f0 ~ > ? #
sh5£k
WAVE DEFEC1
COLLISION
CASCADE
THERMAL
SPIKE
SPUTTERING, ENERGY AND MOMENTUM TRANSFER 
ANNEALING AND ENHANCED DIFFUSION
Figure 2.3 Interaction events at the target due to bombardment of energetic particles
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The sputtering process has distinct advantages over other coating processes, such as 
evaporation, as there is virtually no restriction on which target materials which can be 
used (12). Higher thickness uniformity is achieved over larger target areas, and smoother 
films are possible due to the lack of macro-particle formation.
2.2.3 D.C. Diode Glow discharge
The diode plasma known as a “glow discharge” is an electrically-neutral, partially- ionised 
gas commonly used in the PVD process. It can be formed under vacuum by applying a 
high voltage (-300-5000V) between two electrodes in the presence of a gas, usually argon 
(14). A small portion of the gas will be naturally ionised due to background cosmic 
radiation. These ions are accelerated towards the cathode (the target of the material to be 
deposited) and the electrons accelerated towards the anode, (the vacuum chamber wall). 
When the accelerated ions collide with the cathode most of their energy is lost in the form 
of heat, they may lose their charge and they can also be elastically recoiled or implanted. 
However, a small part of their incident energy can be transferred to the near surface 
cathode atoms which can result in the ejection of target atoms by the sputtering process.
The discharge can be sustained due to the liberation of secondaiy electrons from the target 
due to ion bombardment. These electrons are attracted towards the grounded chamber 
walls and as they move through the vacuum, they cause further ionisation events, together 
with the dissociation and excitation of the argon atoms, thus sustaining the discharge.
The typical secondary electron yield for Ar and a pure metal target in a sputtering process 
is 0.1 (14). The secondary electrons are easily accelerated by the applied electric field due 
to their low mass and are quickly lost to the chamber walls. Therefore the probability of 
further ionisation events needed to sustain the discharge is low. It can be seen that the 
diode sputtering process is therefore highly inefficient. However, modifications to the 
diode arrangement have significantly increased its effectiveness these will be discussed in 
sections 2.5-2.7.
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The typical current-voltage (I-V) relationship for a glow discharge is shown by, 
fig 2.4.
Voltage, (V)
1000 -
800
600
Abnormal glow
200
400
Townsend
discharge Normal glow
^  Non self-sustained 
i discharge, ,
1 0 '10 1 0 'e 1 0 *  1 0 ‘2
Current, (A)
Fig 2.4 Diode glow discharge procedure: voltage/current relation
It is noted that for a low current there is insufficient ionisation to sustain the discharge 
unless external energy is applied. This region is known as the “non self-sustained 
discharge”. When the applied inter-electrode voltage (V) is increased, the discharge can 
become self-sustaining if the electrons emitted from the cathode have enough energy to 
produce further ionisation: this region is known as the Townsend discharge (15). In the 
region of the Townsend discharge, the electric field is more or less uniform between the 
cathode and anode due to the lack of appreciable space charge. If the applied power and 
hence discharge current is increased, the ions congregate close to the cathode to form a 
localised space charge which results in increased ion bombardment of the cathode/target 
surface. As a result of this bombardment, secondary electron emission is increased 
resulting in a reduction in the voltage. This region is defined as the “normal glow 
discharge” which consists of several distinct regions, see fig 2.5.
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Fig 2.5 Physical regions in glow discharge
For the normal glow discharge, the region next to the cathode is the Aston dark space 
where the electrons leaving the cathode have insufficient energy to cause excitation. 
Adjacent to this is the highly luminous cathode glow region caused by neutralisation of 
the positive and negative ions. Beyond the cathode glow region is the cathode dark space 
or “cathode sheath” region. Most of the voltage is dropped across this region to provide 
the accelerating force necessary to drive the positively charged ions to the cathode. The 
dark space is formed due to plasma interactions with an electrically- isolated surface. 
Initially, due to higher random velocities the electron flux is greater than the positive ion 
flux, causing the surface to acquire a negative potential with respect to the plasma. 
Consequently an enhanced electric field is created which increases the positive ion flux at 
the surface. The thickness of this region is approximately the mean distance travelled by a 
secondary electron before an ionisation collision occurs. These secondary electrons 
produced by ion bombardment are accelerated across the cathode dark space until they 
enter a region where they have sufficient energy to cause ionisation and excitation of 
argon neutral atoms which helps to sustain the discharge. Relaxation and de-excitation 
events produce photons of wavelengths which are characteristic of the elements present. 
This is known as the negative glow region. The electrons eventually lose most of their 
energy until they can no longer produce further ionisation, causing the electrons to
11
accumulate in this region forming a slightly negative space charge. Beyond this region are 
the Faraday dark space, positive column, anode dark space and anode glow. However for 
sputtering plasmas it is not necessary to consider regions beyond the negative glow.
In a normal glow discharge using argon, the thickness of the cathode dark space is 0.3 torr 
centimetre and is independent of discharge current (16). In this state, all of the cathode 
area is not covered by the glow, as the current density is too low for the required 
sputtering rate, and the potential is too low to produce a high sputtering yield. If the 
power is increased, the glow eventually covers all of the cathode area and the current 
density increases with voltage. This state is termed the “abnormal glow”.
Most sputter PVD systems use the abnormal glow discharge (17), as an increase in power 
sharply increases the voltage resulting in an increase in the target area carrying current and 
a more efficient deposition process. If the voltage is increased further, the current density 
rises and accelerates the ions with enough energy to cause thermal emission of electrons 
from the cathode accompanied by a large drop in voltage. This state is termed the arc 
discharge and will not be discussed further.
12
2.2 4. D.C. diode sputtering
The direct current (d.c.) diode sputter deposition arrangement is the simplest sputtering 
technique (18) and is shown schematically in Figure 2.6.
r
Chamber wall (aiwde)
Target
(cathode)
Argon ions
djc.sqply
©
Coating 
> flux
shield 
(floating)
q  Secondary electrons 
i Sputtered atoms
Reflected ions
Substrate
Earth 
or negative bias
and atoms
Fig. 2.6 d.c. diode schematic
The discharge is produced by introducing an inert working gas (normally Ar) into a 
vacuum chamber and applying a potential of between ~300-5000V between two 
electrodes.
The naturally ionised portion of the gas is accelerated across the dark space towards the 
negative electrode (cathode). Most of the kinetic incident energy of the ions, on collision 
with the target, is lost in the form of heat. They also lose their charge and can either be 
elastically recoiled or implanted. A fraction of the energy (~1%) (19), is transferred to the 
atoms near the surface of the target by momentum exchange. This momentum exchange 
creates collision cascades within the target which can result in the sputtering of surface
13
atoms. In addition to these target atoms, the substrate is also bombarded with charged 
particles, energetic ions (up to 30eV) and electrons (20). The majority of these electrons 
will be from the glow where they have energies of only a few electron volts (21), although 
only the most energetic will be able to surmount the substrate sheath. In addition to these 
slow moving electrons, the substrate is also bombarded with electrons emitted from the 
target resulting from the impact from ions and other particles which have been accelerated 
across the target dark space with energies in the range lOO-lOOOeV. These “secondary 
electrons”, help to sustain the discharge as they are accelerated towards the grounded 
walls of the chamber and cause further ionisation, dissociation and excitation of the atoms 
and molecules present.
The number of secondary electrons emitted per incident ion is termed the “secondary 
electron yield”. For a sputtering process using Ar as the working gas and a pure metal 
target, this value is typically 0.1(22). In order for the discharge to be self-sustained, it 
must be operated at high pressure, typically >1 Pa, using a target voltage >1000V. High 
pressure is required due to the low mass of electrons which are consequently easily 
accelerated and therefore the electron mean free path tends to exceed the dimensions of 
the vacuum chamber. As a result of this the probability of further ionisation approaches 
zero at lower pressures. The d.c. diode sputtering arrangement is therefore inefficient. A 
number of modifications to the arrangement have been developed to improve this 
efficiency including the addition of an additional electron source such as a hot filament. 
For a full review of these aspects the reader is referred to D.S. Rickerby and A. Matthews, 
“ Advanced Surface Coatings: A Handbook of Surface Engineering” (22). However, the 
only method to be discussed in this review is magnetron sputtering.
14
2.2.5. Magnetron sputtering deposition
The efficiency of the sputtering technique has been increased further with the use of a 
magnetic arrangement known as the “magnetron”. The effect of a magnetic field on a 
glow discharge was first discovered by F.M. Penning in 1936 (23). However it was not
until the 1970's that this discovery was used practically in PVD sputtering systems for the 
deposition of metal and composite films (24,25,26,27).
The magnetron consists of a permanent magnet arrangement positioned behind the target, 
as shown by figure 2.7. The field lines extend into the dark space in front of the target and 
produce a magnetic field parallel to the target and an electric field perpendicular.
N IS N: 4----------
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Erosion Zone
Target
Permanent
magnets
Soft iron
Figure. 2.7 Cross-section of the magnetron cathode
This results in a force F being applied to a particle of charge q and velocity v 
perpendicular to both the magnetic field and the velocity. This may be expressed as
15
F = qVxB equation 2.4
Due to their low mass, this force significantly affects the movement of the electrons. The 
electrons that are not moving parallel to the magnetic field are subjected to a force 
BeVsinO, where 0 is the angle between the direction of the electron motion and the 
magnetic field, perpendicular to the lines of magnetic force, which traps the energetic 
secondary electrons in a region close to the target surface. In addition to this force, the 
electron motion is coupled with a velocity VcosG parallel to the magnetic field. The 
resultant motion is therefore cycloidal around the magnetic field lines with a radius r given 
by the equation:
meV sin#r = — —......................   equation 2.5
As the electrons travel a longer distance before escaping the glow discharge through 
collisions, the ionisation probability is increased and hence so is the sputtering rate. For 
excellent reviews of the technique the reader is referred to Waits (28) and Thornton (29).
Magnetron sputtering offers distinct advantages over conventional diode and triode 
techniques, such as, higher deposition rate, and reduced substrate substrate heating due to 
the confinement of the energetic electrons to the region close to the target.
Many magnetron configurations are available, such as cylindrical magnetrons (30), S-guns 
(31) and hollow cathodes (32). However the rectangular planar magnetron (33) is the 
most often used for practical applications as shown by figure 2.8.
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Figure 2.8 Schematic of the planar magnetron cathode
The magnetic field traps the glow to a region between the inner and outer magnetic poles, 
causing target erosion in the form of an ellipsoid “racetrack” on the surface.
As mentioned the conventional magnetron has many advantages over the diode and triode 
arrangements, however intrinsic problems still exist. The degree of ionisation and 
therefore the level of ion bombardment, falls rapidly with increasing target to substrate 
distance (34). The low level of ion bombardment results in less dense films with voids 
observed along grain boundaries (35). The ion bombardment can be increased by using a 
higher bias voltage. However, this may result in the generation of defects and hence poor 
quality films (36). Other problems include low ion bombardment and shadowing of three 
dimensional substrates (37), and inefficient use of the target due to the localised erosion 
area (38). Recently, however many of the deficiencies of the magnetron have been 
eliminated with the development of the “unbalanced magnetron” system.
17
2.2.6 Unbalanced Magnetron
Window and co-workers first introduced the concept of the unbalanced magnetron (39, 
40, 41) in 1986. In an ideal balanced system with conventional magnetron, the inner and 
outer poles of the magnets behind the targets are equal in strength. The field lines loop 
between them as shown by figure 2.9a returning via the steel yoke on which the magnets 
are fixed. By increasing the strength of the inner or outer set of magnets, the magnetron 
becomes unbalanced as shown by figure 2.9b.
To maximise this unbalancing effect to improve the coating process the outer poles are 
strengthened (42). This causes the magnetic field lines to curve away on all sides, as well 
as looping on the cathode surface. Some of the secondary electrons follow helical paths 
along these field lines and are no longer confined to the cathode surface.
The glow is also expanded away from the surface of the target towards the substrate due to 
the need to maintain electrical neutrality within the plasma (43). This considerably 
increased the intensity of substrate ion bombardment to a value comparable with other 
high deposition rate techniques. Even at low bias potential, the technique provides ratios 
of ion to deposited atoms of up to 2:1. By changing the strength of these outer magnets 
the "degree o f unbalance” can be altered and therefore the bias current density can be 
adjusted independent of the discharge voltage or discharge power. This makes it possible, 
within certain limits, to adapt the bias current density to the required coating properties 
and to the maximum temperature at a pre-selected bias voltage.
There are, though, limitations to the technique. An unwanted side effect is that by 
changing the strength of the magnetic field the used area of the target changes. When the 
outer poles are strengthened, the used target area decreases accordingly. Another problem 
is that the substrate current density decreases rapidly with distance from the centre of the 
target towards the outer edge (44). Sputtering is also a line of sight process which can 
result in shadowing of three-dimensional substrates and therefore porous structures and 
low quality coatings can result (45).
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Figure 2.9 Magnetron configurations
2.2.7 CIosed-Field Systems
Plasma confinement and density polarisation within a vacuum chamber can be affected by 
the arrangement of a pair of magnetrons. The two configurations which are generally 
possible are:
(i) Mirrored, where like poles face each other as shown by figure 2.10a. This arrangement 
reduces the degree of unbalancing by restricting the reach of the uncontained field lines to 
half the inter-cathode distance.
As a result electrons follow the field lines and are lost to the chamber walls. Research has 
shown that such an arrangement produces a low plasma density at the substrate and at
times the observed substrate bias current densities were less than lmA/cm^ (48). The 
hard coatings produced using the mirrored configuration have been generally of low
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quality with poor adhesion caused by the low plasma density and etching problems at the 
substrate. * . .
(ii) Closed field (46,47), where opposite poles face each other, as shown by figure 2.10b. 
In this case even numbers of cathodes are used in an opposed arrangement. This 
configuration causes field linking between the north and south outer poles of adjacent 
cathodes (48).
This prevents the secondary electrons from escaping and distributes them, along with the 
plasma, around the multi-cathode system. Changes in deposition conditions are also 
possible as the closed magnetic field confines the plasma to the substrate region.
As a result of the increased travelling distance of the secondary electrons in front of the 
cathodes, more ionisation events occur with a resulting increase in sputtering. The 
development of multi-cathode units using unbalanced closed field geometry has generally 
solved the problems observed in single cathode systems (49, 50).
N
Siibstrate
Field Lines
Field Lines
Figure 2.10 Schematic of the mirrored and closed-field arrangements
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2.3 Coating Deposition, Structure and Properties
2.3.1 Film Growth
In the PVD coating process, the sputtered material upon reaching the substrate condenses 
from the vapour to form the solid phase. The subsequent film growth can be described as 
a four stage process (51): nucleation, island growth, coalescence, and continuous growth.
In stage 1, nucleation, the incident atoms become adatoms on the substrate surface where 
they lose excess energy that would enable them to escape the surface potential barrier, 
(W). A polycrystalline substrate surface possesses many defects such as dislocations, 
monatomic steps, vacancies, and adatoms where the probability of nucleation is higher 
due to localised changes in the electronic states of the surface, and a lack of adjacent 
neighbouring atoms which results in chemical bonds available for possible reaction (52). 
When the adatoms meet such defects the probability of formation of more stable 
aggregates or clusters forming is increased.
Once nucleation sites have been established “island” growth takes place. The clusters 
begin to grow both vertically and laterally across the surface area, stage 2, until they meet 
other islands and coalesce. Once this happens a grain boundary defect is generated and 
growth continues in the vertical direction alone.
In the third stage, most of the substrate surface is covered by growing islands. Each island 
grain will initially be orientated to match, as nearly as possible, the orientation of the 
underlying surface grain at the absorption site. However, competitive growth occurs, 
where grains with a particular orientation take preference and grow at the expense of 
adjacent grains orientated differently. This occurs due to the incident ion energy, gas 
pressure (53, 54) and surface and strain energy minimisation for different crystallographic 
planes (55,56,57,58,59,60). As the film thickens, the columns cluster together to form 
larger features with preferred orientation, and produce a columnar structure (61). The 
early growth of PVD films can be classified into three mechanisms (62).
Layer-by-layer growth (Frank-van-der-Merwe) where the binding energy of the 
film, (Ef), is equal or less than that between the film and substrate, (Ef.s) and 
the strain energy of the film is small compared to the surface energy.
Combined layer-by-layer with three dimensional island growth (Stranski- 
Krastanov) where Ef is lower than Ef.s and the strain energy in the film is 
large in comparison to the surface energy.
Three dimensional island growth (Volmer-Weber) where Ef is larger 
than Ef.s which results in immediate nucleation on the surface.
The microstructures of the sputter deposited film
A wide range of microstructures is possible for sputter deposited films. These are 
dependent on the deposition conditions and range from a porous, open structure to re- 
ciystallised densely packed columns. Movchan and Demchishin (63) first classified these 
structures as a function of the substrate temperature divided by the coating material 
melting point. They identified a low-temperature, zone 1 structure which consisted of 
widely spaced columns with domed tops which formed due to low adatom mobility. A 
mid-temperature zone 2 structure was identified where surface diffusion becomes a 
significant factor and this consists of densely packed columns with a smooth surface. For 
Zone 3, the high temperature region, bulk diffusion becomes predominant and the 
structure becomes equiaxed. Later work by Thornton (64) took account of the influence 
of working gas pressure. As can be seen from the Thornton diagram (Figure 2.11) a 
further region, (Zone T) is observed between zones 1 and 2 consisting of densely packed 
fibrous grains.
(i)
(ii)
(hi)
2.3.2
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Figure 2.11. Thornton Zone Model
The latest structure zone model was developed by Messier (65) and shows how when a 
substrate bias voltage is applied, high energy ion bombardment during growth results in 
denser films due to increased adatom mobility.
IX)
Figure 2.12 Messier Structure Zone Model
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2.3.3 Ar+ Sputter Etching
Before deposition, impurities must be removed from the surface of the substrate to 
improve the quality of the resultant coating. These impurities include thin oxide layers, 
other chemically bonded molecules, water vapour, etc. To this end the substrate is 
cleaned using an argon glow discharge. At an argon pressure of ~2.5xl O'3 mbar a weak 
plasma is established by applying a potential of 200V to each target which results in 
secondary electron emission to sustain the discharge. A substrate bias of -1200V is then 
applied which causes the substrate to behave like a cathode in a d.c. discharge. When the 
accelerated Ar ions impinge on the substrate surface they lose their kinetic energy by 
transfer of momentum to the surface atoms. This results in, amongst other effects, the 
removal of surface atoms and the cleaning of the surface for deposition.
2.3.4 Crystallographic Texture
A feature often observed when depositing PVD films is a pronounced preferred 
orientation, i.e. the film is growing with one particular crystal plane facing the vapour 
flux. The preferred orientation is generally the most densely packed plane e.g. the (110) 
plane for a bcc crystal. However, it is, among other features, dependent on the anisotropy 
in the surface energy for different crystallographic planes and other features. Monte Carlo 
simulations (66) have shown that even if the initial film nucleation results in randomly 
oriented grains, the film will quite rapidly transform to an orientation with the lowest 
surface energy during growth. It has also been reported recently by several workers 
(67,68,69,70,71), that the texture of a coating can change due to the competition of two 
orientation-dependent driving forces: surface energy minimisation and strain energy 
minimisation. These do not favour the growth of the same orientations and compete to 
determine the orientation and microstructure of the film.
In order to obtain the texture coefficients (P), the normalised intensities are divided by the 
average of all the normalised intensities, according to the following equation, (72).
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equation 2.6
where, I(hki) is the measured integrated intensity of a given (hkl) reflection in the sample, 
R<hki) is the calculated theoretical intensity for the same (hkl) reflection in a randomly 
orientated specimen and n is the total number of reflections from the random specimen in 
the examined range of 20. The texture coefficients, calculated from the above equation,
indicates random orientation while values greater than unity indicate preferred orientation. 
The summation is over all n independent measured reflections and Rhki are the theoretical 
intensities (including structure, polarisation, Lorentz, absorption, and multiplicity factors). 
The full equation for the calculation of the theoretical intensities is shown in appendix 1.
2.3.5 Residual Stress
Compressive residual stress is present in virtually all PVD deposited coatings. It is an 
important factor as it influences the coating adhesion, the maximum coating thickness 
allowed before spallation (73) and the hardness of the film. The level of stress in the film 
is a combination of two components: thermal stress and intrinsic stress. Thermal stress 
results from a mismatch in the thermal expansion coefficients of the coating and substrate 
lattices, and can be calculated using;
where E is the Young's modulus of the coating, Aoc is the difference in the thermal 
expansion coefficients, AT is the difference between room and deposition temperature and 
v is the Poisson's ratio of the coating.
are proportional to the diffracting volume in the given orientation and a \P ' value of unity
EAaAT 
1 - o equation 2.7
The intrinsic stress in a coating is to varying degrees associated with a number of 
deposition conditions and coating features including (74):
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• Incorporation of residual gas and impurity atoms in the coating lattice
• Grain size, microvoid, and dislocation density in the coating
• Energetic particle bombardment during deposition
• Combination of surface tension and growth process at grain boundaries
Although many phenomenological models have been proposed to explain intrinsic stress, 
a generalised model for various coating materials and deposition processes is unlikely at 
this time due to the limited information regarding associated structural details.
2.3.6 Grain Growth Driving Mechanisms
Grain growth can occur during deposition of thin films or during post-deposition 
processing. It not only results in a dramatic increase in the average crystal size in a film 
but can also result in changes in the average crystal orientation.
Grain growth in thin films is fundamentally different from grain growth in bulk materials. 
One of the main reasons is that the interface of the film with the substrate together with 
the top surface of the film play important roles in suppressing normal grain growth and 
promoting abnormal grain growth. Due to the anisotropic nature of the surface/interface 
energy, secondary grains generally have restricted crystallographic orientations and 
increased size. For an extensive review of the mechanisms and modes of grain growth in 
thin films the reader is referred to the work edited by G. Abruzzese and P. Brozzo (75).
Further work (76,77) has shown that the texture of a coating can change due to two, 
orientation dependent, driving forces: surface energy minimisation and strain energy 
minimisation. These do not favour the growth of the same orientations and compete to 
determine the orientation and microstructure of the film. Both factors play an important 
role in texture evolution in thin films and should be considered in understanding 
experimental results and in the development of models for grain growth in thin films. 
Which energy minimisation process is most important will be a strong function of a
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deposition temperature relative to the grain growth temperature, as well as the film 
thickness. It is argued that there will always be a film thickness below which surface- 
energy minimisation will control grain growth while at high stresses, strain-energy 
minimisation can lead to other textures.
2.3.7 Solid Solutions
The incorporation of impurity atoms into a crystal lattice distorts the lattice and generates 
stress in many cases. Compounds or inter-metallic phases can be formed but in most 
cases if the level of impurity is low solid solutions are formed. Solid solutions are 
homogeneous mixtures of two or more atoms in the solid state. They are usually 
crystalline, with the more abundant atomic species termed the solvent, the less abundant, 
the solute. There are two distinct types, substitutional and interstitial. In the former a 
direct substitution occurs between solute and solvent atoms, whereas in the latter the 
solute atom enters one of the holes between the solvent atoms, both types are illustrated 
schematically in figs 2.13a and b.
Solute aton
Solute atom?
a* Substitutional solid solution b. Interstitial solid solution
Figure 2.13 Substitutional and interstitial solid solutions
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For the materials system used in this investigation, only substitutional solid solutions are 
formed because the Cr atoms are too large to fit into interstitial sites. For a full review the 
reader is referred to “Physical Metallurgy Principles” 3rd edition by R.E. Reed-Hill and R. 
Abbaschian (78).
An important factor governing solution behaviour is the relative size of the atoms. A 
continuous series of solid solutions is found only between elements of the same crystal 
structure and only when the sizes of the atoms differ by less than 15 per cent (80).
Usually the lattice of an element is expanded by dissolving atoms larger than those of the 
solvent and contracted by dissolving atoms smaller than those of the solvent. The law of 
linearity between lattice spacing and solute atomic percent, Vegard's (79) law, was 
discovered with solid solutions, which are ionic crystals. When applied to metallic 
systems there are almost invariably deviations from the law which can be either positive 
or negative (80).
2.3.8 Cross-contamination
An extensive literature search found no published work on the existence of cross­
contamination in PVD systems. However, the use of a multitarget PVD system without 
individual shutters, to provide multilayer coatings raises the question of potential cross­
contamination between atoms from targets of different metals. During a typical process 
using the Hauzer HTC 1000-4 ABS™ system targets which may need to be used only in 
the etch stage are given a negative applied voltage, nominally, between -200 to -250V. 
The applied voltage causes sputtering of coating material with the aim to prevent overall 
deposition of unwanted coating material onto the unused targets.
This study aimed primarily to determine whether potentials of this magnitude are 
sufficient to cause sputtering of the target material and therefore cross-contamination in 
the resulting coating. The secondary aim was to identify any correlation between 
mechanical
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performance and levels of chromium in niobium coatings due to the chromium target 
voltage.
2.4 Coating Materials
This study is concerned with Niobium-Chromium coatings. Commercially pure Niobium, 
also known as Columbium, is ductile and easy to fabricate. It is a group five element and 
therefore has five valence electrons available. It is very resistant to chemical attack from 
most organic and mineral acids below 100°C although it is attacked by HF, and it's 
resistance to alkali attack is poor. The main disadvantage of Nb is high cost, hence the 
development of thin films on suitable substrates is attractive.
Niobium-Chromium, (Nb-Cr) System
The atomic radius of niobium, (1.46 A) (83) is much larger than that of chromium, (1.256 
A) (83) and therefore the solution of chromium in niobium contracts the lattice parameter 
of the latter. For example, the lattice spacing of Nb, a = 3.3062 A, changes to a = 3.255 A 
at the solid solubility limit at 1550°C (about 9 at. % Cr) Eljutin and Funke(80, 81) report 
that Nb dissolves about 12.5 at % Cr at 1500 C, with a = 3.29 A at 10 at. % Cr, and a = 
3.26 A in a two phase alloy with 20 at. % Cr. It can be seen from the binary phase 
diagram, (Figure 2.14) (82), that as the temperature is lowered the solubility of chromium 
decreases.
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Figure 2.14. Binary Phase diagram of Nb-Cr 
2.5 Coating Performance
2.5.1 Corrosion Resistance
Niobium coatings can be used in applications where protection is needed from aqueous 
corrosion (83), hot gas erosion (84), or liquid metal corrosion (85). Due to difficulty in 
depositing niobium coatings by so-called conventional methods, the coatings are normally 
deposited using physical vapour deposition. However, niobium coatings deposited at low 
temperature usually consist of columnar grains with open boundaries which impair 
coating performance. One method to improve the density is to concurrently bombard the 
surface with ions during deposition (86,87). Another method, which has been shown to 
improve the coating structure and density of niobium, is to codeposit with chromium 
(88,84,89). J.H. Hsieh (88) produced Nb-Cr alloy coatings using ion beam-assisted 
deposition and found the Nb-30%Cr alloy coating to be the most corrosion resistant, 
probably because it readily forms a niobium enriched oxide layer at the surface. It is 
generally believed that Nb-Cr alloy coatings are corrosion protective if a niobium enriched 
oxide film is formed at the surface (88). However, as this work investigates the
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problem of cross-contamination, the level of Chromium in the deposited coatings is 
much less, typically <8 atomic %.
2.5.2 Friction and Wear
For a full review of the theories of wear and friction the reader is referred to Tribology 
by I.M. Hutchings (90). No work on the investigation of the wear of Niobium coatings 
was found in the literature.
2.5.3 Microhardness
With reference to the mechanisms of solid solution strengthening, as the atomic size of 
Cr (1.256 A) (83), is significantly different to Nb (1.46 A) (83), the alloying element 
causes considerable elastic distortions in the crystal lattice which induce residual stress 
and dislocations which impede plastic flow. Such strengthening is observed at 
temperatures below 0.5 Tm where the strengthening processes do not depend on the 
diffusion of alloying elements.
The literature values for the microhardness of the solid solution of Chromium in 
Niobium indicate it increases from 4.9 GPa for Niobium to 7.2 GPa for alloys 
containing 80 atomic % Chromium (83).
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Chapter 3
3. Experimental Details
3.1. Experimental Design
The primary objective of this work, was to determine whether cross-contamination between 
targets of different metals, due to the lack of individual target shutters, significantly affects 
the mechanical performance of PVD coatings.
The equipment used to deposit the coatings was the Hauzer HTC 1000-4 ABS™. For 
certain coatings the substrates are cleaned by arc evaporation using targets which may not 
be required for the subsequent coating. This system does not possess individual target 
shutters and therefore a negative voltage is applied to the unused targets during coating to 
sputter any unwanted coating material. Nominally, the voltage applied to 'unused' targets to 
prevent coating is set between -200 to -250V. This investigation looked at whether target 
voltages in this range caused sputtering and hence deposition of unwanted target material. 
A series of coatings were deposited with different negative voltages applied to the Cr target 
whilst depositing with Nb to determine the dependence of coating properties on levels of Cr 
cross-contamination in Nb coatings. In the event of such a dependence, further work may 
provide a more fundamental understanding of associated structure-property relationships 
and provide an insight into appropriate methods of control.
The elemental composition and crystalline structure of the resultant coatings were analysed 
respectively using Glow Discharge Optical Emission Spectroscopy (GDOES) and X-Ray 
Diffraction (XRD). The physical properties were analysed by corrosion, adhesion, 
universal hardness and wear tests
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3.2. Sample Preparation for Coating
The following substrates were used in this investigation:-
• M2 high speed steel (HSS) discs (030mm x 10mm) mechanically polished to a 1pm 
diamond finish.
• Annealed stainless steel rectangular sheet (25mm x 25mm x 1.5mm)
The substrates were cleaned according to the following procedure:-
1. Degreased in an alkaline solution at 70°C for 3 minutes in an ultrasound bath.
2. Rinsed in tap water.
3. Degreased in an alkaline solution at 70°C for 3 minutes in an ultrasound bath.
4. Rinsed in distilled water.
5. Rinsed in distilled water for 2 minutes in an ultrasound bath.
6. Finally rinsed in distilled water for one minute.
7. Hot-air dried
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3.3 Process Details
Nb-Cr coatings were co-sputter deposited using a Nb target power of 8kW and Cr target 
voltages between 0 and 350V in increments of 50 volts. Figure 3.1 shows a cross-section of 
the vacuum chamber showing the 2 targets used during deposition. The process details are 
given in table 3.1.
s s
Cr
Figure 3.1. Cross-section of the vacuum chamber showing the Nb and Cr targets.
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1. Pump down and chamber heating
Base pressure, 3xl0-5mbar Temperature (radiant heating), 390 °C
2. Glow discharge target cleaning, exposure time 10 mins.
Shutters directly in front of targets.
Power to each target, 5kW, Argon flow, 220sccm 
Working pressure, 2.7 x 10"3mbar.
Substrate bias voltage, 0V.
Unbalancing coil current, 0A.
Temperature, 400 °C.
3. Glow Discharge Ar ion etch, time 10 minutes.
Arc current, 100A.
Substrate bias voltage, -1200V.
Substrate temperature, 400 °C.
Argon flow, 220sccm.
Working pressure, 2.7 x 10“3mbar.
Coil current, 5A.
4. Unbalanced magnetron metallic coating, Coating time 1 hour. 
Fixed magnet array moved away from targets
All targets in magnetron mode.
Power to Nb target 8kW.
Cr target voltage, 0,50,75,100,125,150,175,200,250, 300, 350V 
(Each value corresponds to a different run)
Substrate bias voltage, -80V.
Temperature, 400 °C.
Working pressure, 2.3 x 10~3mbar.
Argon flow, 220 seem.
Unbalancing coil current, 6A per coil (closed field geometry).
Table 3.1 Process Details
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3.3. Techniques used to characterise the coatings
3.3.1. X-Ray Diffraction, (XRD)
All X-ray diffraction analysis was performed using a Philips PW1710 Powder 
diffractometer, using Cu Ka x-radiation (k -  1.542 A) and Bragg-Brentano geometry 
except for the glancing angle work which was carried out at Hull University using a 
Siemens D5000 X-ray diffractometer. A current of 40mA and a voltage of 40kV were used 
for both instruments. The techniques were used to determine the texture, degree of 
orientation, and lattice strain and normal scans to determine crystalline structure. For a full 
review of the theory of X-ray diffraction the reader should see Cullity (91), “Elements of X- 
ray Diffraction”.
Crystallographic Texture
In order to obtain the texture coefficients P, the measured and normalised X-ray peak 
intensities were divided by the average of all the normalised intensities, according to 
equation 3.1(92).
P = --------------------   equation 3.1(1 / T py o I(hkl) / P^ hki)
where, I(hki) is the measured integrated intensity of a given (hkl) reflection in the sample 
under examination and R<hki) is the calculated theoretical intensity (including structure, 
polarisation, Lorentz, absorption, and multiplicity factors) for the same (hkl) reflection in a 
randomly orientated specimen, (see appendix 1 for the theoretical intensity calculation), 'n' 
is the total number of reflections from the random specimen in the examined range of 20. 
The texture coefficients, calculated from the above equation, are proportional to the
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diffracting volume in the given orientation, a P value of unity indicates random orientation 
whereas values greater than unity indicate a preferred orientation.
Omega Scan
Due to the highly (110) textured nature of the coatings Omega scans were used to give an 
indication of the degree of orientation (93). The detector is set at the maximum intensities 
of the (110) and (220) reflections and then rocked around this point over an angular range 
of 0 to 37 degrees for the (110) reflection and 0 to 80 degrees for the (220) reflection.
The Full Width at Half Maximum, FWHM of the subsequent diffraction peak indicates the 
degree of orientation, for a full description of the technique the reader is referred to a 
review of X-Ray Diffration methods by B.D. Cullity (93).
Asymmetric Bragg-Brentano Stress Analysis
This method enabled a measure of the biaxial stress in the samples. The method is 
applicable for polycrystalline films where the reflections from the substrate do not interfere 
with the film reflections and details of the theory and interpretation of the residual stress 
measurements are well described in the article “Stress Determination for Coatings” in 
volume 5 of the ASM Handbook (94).
In the “sin2cp method”, strain is evaluated by measuring interplanar spacings, dhki,, as a 
function of the inclination angle <p, which is defined as the angle between the (hkl) planes 
and the sample surface. In the linear plot of dhkl vs sin2(p, the intercept is I = dn, the lattice 
spacing of the plane normal to the surface, and the gradient, M=cdn[(l+vhkl)/E hkl], where a  
is the stress, and dn is the lattice parameter normal to the substrate surface. The stress of the 
coating can then be calculated using equation 3.2 if the Young's modulus E and Poisson 
ratio values, v, are known for the particular material.
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c  = M/ {do[(l+vhkl) / E hkl]}  equation 3.2
The peak positions and the associated d values were obtained using Philips PC-APD X-ray 
diffraction software and the stress measurements were performed on the higher order (220) 
Nb reflection as the cp angle is limited by 20.
Glancing Angle X-Ray Diffraction, (GAXRD)
An alternative method of stress analysis is glancing angle X-ray diffraction, (GAXRD). In 
the “sin2(p method”, a single peak is used and the variation in the value of the angle (p also 
affects the penetration depth of the incident beam and as a result, any stress gradient 
through the coating affects the result, see A.J. Perry (95) for further details. In the Glancing 
Angle X-ray Diffraction method, all peaks within the instrumentally permitted range are 
used and diffraction occurs at a given, near constant depth of penetration.
The angle of incidence y is set, in this case values of 1 and 3 degrees were used. These 
angles were chosen to give an indication of the stress near the surface of the coating and the 
stress near the substrate/coating interface after using the Siemens D5000 X-ray 
diffractometer software to determine the X-ray depth of penetration. The diffraction angle 
is now given as 0 - y and a plot of lattice spacing vs. sin2(0-y) has slope and intercept as the 
previous method using Bragg-Brentano geometry, hence a measure of the stress in the 
sample can be calculated using different incident angles if the elastic constants for the 
material are known.
Line broadening analysis
When diffraction peaks are broadened there are, generally, two major causes: non-uniform 
strain and/or small crystallite size (96). Strain effects are a function of diffraction angle 
while crystallite size affects all the line profiles equally. Broadening caused by stacking 
faults and inhomogeneity are also a function of diffraction angle. Separating the
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broadening contribution due to strain and crystallite size effects can be done by methods 
such as the Gauss-Squared or Hall-Williamson methods (91). The quantitative precision of 
these methods is dependent on how well the diffraction peaks are profiled to give accurate 
peak widths as well as how efficiently instrumental broadening can be subtracted.
Due to the highly textured nature of the thin films analysed, the less-stringent Gauss method 
was chosen for this analysis (91). With the Gauss relationship:
(/? cos 6 / X) = (l / Dg ) +16eG (sin G / X)  equation 3.3
where (3 is the broadening of the peak corrected for instrumental breadth, 0 is the diffraction 
angle and X is the wavelength of the X-rays used (CuKaj=l .5406A). Dq  is the 
contribution to peak broadening from the grain size, and eQ is the contribution from the
strain in the lattice. Thus from a linear plot of pcos0/A versus sinQ/X the slope of the least 
squared line through the breadth function in each phase determines the strain (16eQ) while
the intercept is the crystallite size function (1/Dq ).
The presence of an upward influence on the gradient of the pcosG/A, versus sin0/X indicate 
broadening due to stacking faults and/or inhomogeneity as they are a function of diffraction 
angle. If this is not the case, then the broadening is due to crystallite size differences.
3.3.2. Glow Discharge Optical Emission Spectroscopy, (GDOES)
A Leco GDS-750 glow discharge spectrometer was used for this study. The wall of the 
vacuum chamber acts as the anode and the sample itself as the cathode. After the chamber 
is evacuated and backfilled with argon, the cathodic sputtering process is created by 
applying a stable voltage to the sample. The surface atoms removed by the sputtering 
process diffuse into the plasma where excitation and emission occur. Upon relaxation to a 
lower energy level radiation quanta are emitted with characteristic wavelengths of the 
elements present. The glow discharge spectrometer uses a polychromator to separate the
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spectral wavelengths for measurement by photomultiplier tubes. The intensities of the lines 
are proportional to the number of emitted quanta in the plasma, and hence to the elemental 
concentration within the sample. The technique gives a quantitative depth profile of the 
elements present in the sample. The accuracy of the method can be affected by factors such 
as nonuniform crater shape and surface roughness.
The system can be operated in constant current or voltage mode as both are functions of the 
emission line intensity, and quantification is performed against a range of standard 
reference materials of accurately known concentration.
3.3.3. Scanning Electron Microscopy, (SEM)
Scanning electron microscopy (97) was used to view the surface morphology of the 
coatings. A Philips XL40 SEM was used in this study with a secondary electron detector to 
view the topography of the surface and a back-scattered electron detector to give atomic 
number contrast.
3.3.4. Corrosion Test
Potentiodynamic polarisation measurements using an EG&G Galvanostat/Potentiostat 
263A were carried out to determine the corrosion resistance of a series of the Nb-Cr alloy 
coatings. The measurement of the corrosion resistance is based on the formation of passive 
thin oxide films which act as a barrier to the anodic dissolution reaction. The chloride ions 
in the electrolytic solution initiate localised corrosion or pitting as the passive film is often 
very thin and fragile. This is followed by a steep increase in the current density, hence the 
level of corrosion resistance can be determined from the range in which passivity occurs 
and the anodic current density. For a full review of the theory of corrosion the reader is 
referred to D.A. Jones, “Principles and prevention of corrosion” (98). All samples were 
tested using a 3% NaCl solution and polished M2 high speed steel substrates, with a testing 
area of 0.78 cm2 and the following test cycle:
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1. A 55 minute aeration period.
2. Cathodic cleaning of the sample for 100 seconds at E = -1700 mV.
3. 20-40 minute delay to stabilise the potential after cathodic cleaning.
4. Polarisation in the potential range of -800mV to +900mV at a scan rate of 
lmVs'1.
Carbon electrodes were used with a saturated calomel electrode as a reference
3.3.5. Microhardness Test
The technique recommended for coating thicknesses less than 5 pm is the universal 
hardness HU test. It measures ultra-low load hardness under test load, based on penetration 
depth measurements during a loading and unloading cycle with specially shaped indentors. 
The method is based on the correlation between the indentation depth and the geometry of 
the indentor. The hardness value, HU is derived from the test load, F and the indentation 
surface area, which in turn is derived from the indentation depth, h. In a single test cycle 
information about surface hardness, elastic and plastic properties, and the creep behaviour 
of the material is collated, along with a hardness profile as a function of indentation depth 
in the layers close to the surface.
3.3.6. Rockwell Indentation Adhesion Test
A qualitative statement about the adhesive strength and ductility of the coating is given by 
the Rockwell adhesion test (99).
Using a conventional Rockwell-C indentation test with a 150 kg load, a mechanically stable 
crack is introduced into the coating-substrate system. The resistance to propagation of the 
crack along the interface is then used as a measure of the adhesion. The sample surface 
must have a low roughness depth and the coating thickness must be less than 4 pm and at 
least two measurements are necessary for good reproducibility.
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Classification of the adhesion is determined by observation of the cracking or spallation of 
the coating using either optical or scanning electron microscopy. Depending on the extent 
of the failure the coating may be classified as either acceptable or not, but no specific 
adhesion value is normally assigned.
3.3.7 Friction Test
Friction tests were carried out using a CSEM tribometer pin-on-disc wear and friction
system consisting of a test module, a data acquisition unit and a computer-based chart
recorder used to display data in real time. The test module consists of a turntable which
holds the disks; the pin (a 100Cr6 steel ball) is attached to a precision-balanced lever arm
which applies vertical loads to the pin and reads the frictional force on the pin via a force
0 1gauge. A constant, normal load of IN and a sliding speed of 1x10' ms' were used.
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Chapter 4
4. Results
4.1. Glow Discharge Optical Emission Spectroscopy, GDOES
Figures 4.1-4.7 show the GDOES depth profiles for the series of Nb-Cr coatings with 
increasing Cr target voltage. Table 4.1 shows the atomic percentage of Cr at the interface 
of each coating and table 4.2 shows the equilibrium atomic percentage of Cr through the 
coating after this initial peak.
Cr target voltage, (V) Atomic % Cr at the 
interface
150 -0
200 ~0
250 ~0.8
300 -1.1
350 -2.3
Table 4.1 Peak atomic % Cr at the interface with Cr target voltage
Cr target voltage, (V) Atomic % Cr
150 0
200 0.5
250 -1
300 -2
350 -8
Table 4.2 Atomic % Cr in coatings with Cr target voltage
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The profiles obtained for samples prepared at target voltages less than 200V show Cr levels 
at or below the limit of the calibration of the technique. Above 200V the profiles show a 
pronounced increase in the level of Cr in the coatings with a maximum concentration at the 
coating/substrate interface. Taking a specific example, the 300V Cr coating, the level of Cr 
reaches a maximum of approximately 14 atomic percent at the interface which reduces to a 
constant level of approximately 2 atomic percent as the coating thickness increases. The 
atomic percentage of Cr in the coating increases with target voltage.
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Figure 4.1. GDOES depth profile of Nb-Cr using a Cr target voltage of 100V
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Figure 4.2. GDOES depth profile of Nb-Cr using a Cr target voltage of 150V
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Figure 4.3. GDOES depth profile of Nb-Cr using a Cr target voltage of 200V
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Figure 4.4. GDOES depth profile of Nb-Cr using a Cr target voltage of 250V
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Figure 4.5. GDOES depth profile of Nb-Cr using a Cr target voltage of 300V
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Figure 4.6. GDOES depth profile of Nb-Cr using a Cr target voltage of 350V
50
Sept
h 
ft a
s
4.2 X-Ray Diffraction Analysis
4.2.1 Diffractometer Traces
The X-ray diffractometer traces of the coatings formed at Cr target voltages of 0, 50, 100, 
150, 200, 250, 300, 350V respectively are shown in figures 4.7-4.14. The identification was 
obtained by comparison with standard powder diffractometry data (100) and the traces are 
labelled to show these results. The X-ray diffraction analysis shows the crystal structure to 
be body centered cubic, (b.c.c.) for all the coatings, indicating extensive solid solubility, as 
would be expected from the phase diagram shown in figure 2.12.
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Figure 4.7. X-ray diffraction trace of Pure Nb coating
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Figure 4.8. X-ray diffraction trace of Nb-Cr (Cr 50V)
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Figure 4.9. X-ray diffraction trace of Nb-Cr (Cr 100V)
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Figure 4.10. X-ray diffraction trace of Nb-Cr (Cr 150V)
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Figure 4.11. X-ray diffraction trace of Nb-Cr (Cr 200V)
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Figure 4.12. X-ray diffraction trace of Nb-Cr (Cr 250V)
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Figure 4.13. X-ray diffraction trace of Nb-Cr (Cr 300V)
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Figure 4.14. X-ray diffraction trace of Nb-Cr (Cr 350V)
4.2.2 Line broadening analysis
Figure 4.15-4.23 show the relationship between pcosOA, and sinO/A, for line broadening 
observed for Cr target voltages of 0, 50, 100, 150, 200, 250, 300, 350V. The broadening 
results were obtained for the (110) and (220) reflections in each case. The corresponding 
intercepts, gradients and associated errors were calculated using Microsoft Excel and are 
presented in table 4.1 as a function of increasing Cr target voltage.
Repeat peak fitting was carried to determine any error in the analysis, however the same 
values were given for each measurement. The tabulated errors were therefore calculated by 
estimating the uncertainty in the measurement of the peak widths and then inserting the 
maximum and minimum values into pcosO/A, and sinO/A..
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Cr target voltage, V Gradient related to 
peak broadening to 
lattice strain
Intercept related to 
peak broadening due 
to grain size
0 0.003 ± 1.4E-04 4E-05 ± 9.6E-06
50 0.0028 ± 1.2E-04 9E-05 ± 8.3E-06
100 0.0024 ±1.5E-04 2E-05 ± 9.2E-06
150 0.0029 ±1.3E-04 4E-05 ± 1.1E-05
200 0.0024 ± 9.0E-05 IE-05 ± 9.8E-6
250 0.0024 ±1.2E-04 4E-05 ± 9.6E-6
300 0.0022 ±1.5E-04 IE-05 ± 9.9E-6
350 0.0027 ±1.4E-04 4E-05 ± 9.8E-06
Table 4.1. Gradient and intercept values of pcos0/X vs. sinOM, with increasing Cr 
target voltage for Nb-Cr
The tabulated results show a definite downward influence on the strain values initially as 
the Cr target voltage was increased from OV within the estimated experimental error. A 
maximum is observed at 150V and a minimum at 300V which are at the limit of the 
estimated errors. The intercepts were very low and in some cases negative.
4.2.3. Asymmetric Bragg-Brentano Stress Analysis
The intrinsic stress m the coatings were calculated from plots of lattice spacing versus sin cp 
using Microsoft Excel as described in section 3.3.1 using equation 3.2. The tabulated errors 
were calculated from the errors in the gradients. It was intended to determine the Young's 
moduli and Poisson's ratio for all the alloys using the Fischerscope H I00 universal 
hardness tester, however the coatings proved to be too thin and the determination adversely 
affected by vibration, for accurate measurement.
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Therefore the elastic constants for bulk Nb rather than those of the individual alloys were 
used. The calculated stress in the coatings is shown for increasing Cr target voltage in table 
4.2. As before repeat peak fitting was carried out using the Philips PC-APD software to 
determine any measurement errors, none were found. The tabulated errors were therefore 
calculated by estimating the uncertainty in the measurement of the peak positions and then 
inserting the maximum and minimum values into equation 3.2.
Cr target voltage, (V) Stress, (MPa)
0 -667±43
50 -918±37
100 -853±48
150 -772±43
200 -884±39
250 -912±31
300 -842±36
350 -911±41
Table 4.2: Intrinsic stress with increasing Cr, target voltages for Nb-Cr
Taking into account the use of bulk Nb constants as opposed to measured values, the 
intrinsic stress increases initially with Cr content, but then reduces to a minimum at a Cr 
target voltage of 150V. A second minimum is also observed for a target voltage of 300V. 
Subsequent increases in target voltage after this increases the intrinsic stress in the coating. 
To determine whether the pronounced reduction in the intrinsic stress of the coating at a Cr 
target voltage of 150V is a real effect coatings were produced using Cr target voltages 
between 50 and 200V in increments of 25 V. The calculated values of intrinsic stress with 
Cr target voltage are listed in table 4.3.
57
\ ^ 1  X i  U .  X I
Cr target voltage, V Stress, (MPa)
50 -748±23
75 -788±26
100 -699±21
125 -695±28
150 -631±22
175 -792±23
200 -889±24
Table 4.3. Intrinsic stress with Cr target voltage in the range 50-200V
As can be seen the intrinsic stress reaches a minimum at a Cr target voltage of 150V within 
the estimated experimental error.
4.2.4 Glancing Angle X-Ray Diffraction, (GXRD)
From GDOES analysis, figures 4.1-4.6, it can be seen that Cr targets sputter more 
efficiently at the early stages of coating, which increases the weight percentage of Cr- 
contaminant at the interface. It was therefore decided to use glancing angle X-Ray 
Diffraction to determine the presence of a stress gradient in the coatings using standard 
values for the Young's modulus and Poisson's ratio of bulk Niobium elastic constants 
again. The full results are listed in table 4.4. Repeat peak fitting measurements using the X- 
Ray Diffraction software indicated no error in the peak fitting process. The tabulated errors 
were calculated by estimating the uncertainty in the measurement of the peak positions and 
then inserting the maximum and minimum values into equation 3.2.
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Cr target voltage, (V) Stress (-MPa)
1° 3°
0 475±18 556±23
50 368±15 468±19
100 384±19 409±22
150 378±16 429±24
200 416±22 407±18
250 418±23 473±22
300 393±17 321±15
350 524±19 458±26
Table 4.4. Intrinsic stress with increasing Cr target voltage for Nb-Cr using GAXRD 
and two incident angles.
A similar trend to that obtained from the Sin2 method using the (220) Nb reflection is 
observed for both the incident angles. The observed stress minima occur at 150V and 300V 
for the 1 degree incident angle and 250V for the 3 degree case (N.B. bulk Niobium elastic 
constants were used) with the an expected rise in stress near the interface observed for most 
samples. Further experiments are needed using different incident angles to determine the 
presence of a stress gradient within the coating.
4.2.5 Crystallographic Texture
The texture parameters calculated using the method described in section 3.3 are 
summarised in the table 4.5. Repeat peak fitting measurements using the Philips PC-APD 
X-Ray Diffraction software indicated no error in the peak fitting process. A 'O' indicates no 
peak was observed.
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Cr target Voltage 
(V)
P for various (hkl)
(1 1 0 ) (2 0 0 ) (2 1 1 ) (310) (2 2 2 ) (321)
0 1.89 0.75 0.94 1.04 0.25 1 .12
50 4.26 0.44 0.5 0.54 0 0.26
100 5.91 0 .0 2 0.03 0.04 0 0
150 2 .8 8 0.54 1.30 0 .2 2 0.51 0.56
2 0 0 5.93 0 0.037 0 0 0.031
250 5.94 0 0.025 0 0 0.035
300 5.95 0 0 .021 0 0 0.027
350 5.78 0.14 0 .0 2 0 0 0.062
Table 4.5. Texture analysis of Nb-Cr with increasing Cr target voltage
Initial measurements of the texture of the films indicated a pronounced reduction in the 
(110) texture of the Nb-Cr coatings for a target voltage of 150V. Texture values for 
coatings deposited with Cr target voltages between 50 and 200V with 25V increments were 
calculated and are shown in table 4.6.
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Cr target voltage 
(V)
P for various (hkl)
(110) (200) (211) (310) (222) (321)
50 2.4 . 0.46 0.73 1.46 0 0.94
75 1.70 0.52 1.31 0.73 0.38 1.38
100 3.08 0.53 0.83 0.57 0 0.98
125 32.81 0.32 1.02 0.62 0 1.22
150 3.89 0.52 0.43 0.74 0.04 0.391
175 5.17 0.02 0.26 0.23 0 0.33
200 2.97 0.37 0.94 0.61 0.03 1.08
Table 4.6. Repeat texture analysis of Nb-Cr coatings deposited using Cr target 
potentials in the range 50-200V.
The pronounced reduction in texture for the coating deposited at 150V was not observed for 
the repeat measurements
4.2.6 Omega Scan
Due to the highly (110) textured nature of the original set of coatings Omega scans were 
used to give an indication of the degree of orientation (100). The detector was set at the 
maximum intensities of the (110) and (220) reflections and then rocked around this point, 
from 0 to 37 degrees for the (110) reflection and from 0 to 80 degrees for the (220) 
reflection.. The Full Width at Half Maximum, FWHM of the subsequent diffraction peak 
indicates the degree of orientation. The peaks were fitted using the Philips software as 
before. The results are listed in table 4.7.
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Cr
target
voltage
(V)
(hkl) Reflection Position
c o n
FWHM
(°)
0 (110) 19.55 ±0.05 16.87 ±0.05
(220) 40.84 ± 0.05 31.75 ±0.05
50 (110) 18.08 ±0.05 17.05 ±0.05
(220) 40.54 ± 0.05 32.41 ± 0.05
100 (110) 19.05 ±0.05 9.41 ± 0.05
(220) 40.64 ± 0.05 7.91 ± 0.05
150 (110) 18.74 ±0.05 20.72 ± 0.05
(220) 38.49 ±0.05 48.70 ± 0.05
200 (110) 18.01 ±0.05 8.76 ± 0.05
(220) 39.47 ± 0.05 7.78 ± 0.05
250 (110) 18.47 ±0.05 6.06 ± 0.05
(220) 40.02 ± 0.05 6.16 ±0.05
300 (110) 19.07 ±0.05 7.52 ± 0.05
(220) 40.65 ± 0.05 7.10 ±0.05
350 (110) 19.09 ±0.05 8.70 ± 0.05
(220) 40.67 ± 0.05 8.62 ± 0.05
Table 4.7. Omega (Rocking) Scans for the (110) and (220) Nb reflections for Nb-Cr 
alloys
As can be seen again the least textured sample is the 150V case indicated by the broadest 
rocking curve. As the repeat set of coatings in the 50-200V range were not as textured as 
the original set of coatings omega scans were not carried out.
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4.3 Universal Hardness
The nanoindentation measurements for the samples with Cr target voltages in the 0V-350V 
range showed no clear trend in the depth of penetration with Cr target voltage for a constant 
load. Elastic moduli can theoretically be calculated from the gradient of the unloading 
curve (101). However, in most of the cases an error of over 50% was observed, indicating 
that the thickness of the coatings needs to be greater to give an accurate measurement of the 
hardness and elastic moduli.
4.4 Rockwell adhesion
The Rockwell tests consistently showed no signs of spallation around the circular indent, 
figure 4.17 shows an SEM image of one of the indents.
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Figure 4.17. SEM image of a Rockwell indent
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4.5 Corrosion test
Figures 4.18a and 4.18b show the anodic polarization curves for co-sputtered Nb-Cr alloy 
films and an M2 HSS sample in a 3% N a d  solution
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Figure 4.18a. Potentiodynamic polarization curves for a pure Nb (P131897), Nb-Cr 
(Cr 50V) (PI 1997), Nb-Cr (Cr 350V) (PI7397). Tested in 3% NaCl solution at room 
temperature
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Figure 4.18b Potentiodynamic polarization curve for uncoated M2 High Speed Steel
The corrosion behaviour of the tested samples is shown in figure 4.18 It can be seen that 
passivation, due to the formation of a thin Nb20 5 surface layer, occurs over a similar 
potential range for all the samples, (~ 0mV-630mV). The pitting potential, the point at 
which the oxide layer begins to break down is similar for all coatings (~ 630V). All the 
current densities are higher than that of bulk Nb.
The maximum corrosion resistance of the coatings was observed for the film with the 
highest atomic % Cr ( - 8% according to GDOES), PI7397. It was also found that although 
a target voltage of 50 V is insufficient to result in sputtering, the corrosion resiostance of the 
sample deposited with the Cr target set at 50 V (PI 1997) was higher than that of the “pure” 
Nb coating, (P131897). All samples performed better than the uncoated M2 HSS substrate. 
Figures 4.19-4.22 show SEM images of the corroded areas of the samples tested, pitting 
can be clearly seen.
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Figure 4.19 SEM image of the corroded area of the uncoated M2 HSS substrate
Figure 4.20. SEM image of “pure” niobium coating
i  . C / i v  ‘ t X X  1 - / U  W J U  X  u
Figure 4.22. SEM image of the Nb-Cr (350V) coating
4.6 Friction Tests
Figures 4.23-4.29 show friction coefficient p vs. the sliding distance for a number of Nb-Cr 
samples with increasing Cr target voltage, (all of the samples could not be tested due to a
lack of sample area after other characterisation tests) using a CSEM tribometer pin-on-disc
2 1wear and friction system. A constant normal load of IN and a sliding speed of 1x10' ms' 
were used. The measured coefficient of friction for all samples are listed in table 4.7.
Cr target voltage, V Initial measured value of the 
coefficient of friction, pi
Final measured value of the 
coefficient of friction, pf
0 0.7 0.2
50 0.42 0.27
75 0.93 0.3
100 0.33 0.33
125 0.68 0.33
175 1.15 0.45
250 1.19 0.52
Table 4.8 Table showing the initial and final values of the coefficient of friction of Nb- 
Cr coatings deposited with different Cr target voltages.
For most of the samples p increases rapidly initially, with Nb-Cr (Cr 100V) the exception. 
From these initial results it may be said that qualitatively the coefficient of friction of the 
coating increases with Cr target voltage. However, further testing is needed using further 
samples and different sampling rates before this conclusion can be confirmed.
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Figure 4.23 Friction coefficient evolution vs. Sliding distance for “pure Nb” coating
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Figure 4.24 Friction coefficient evolution vs. Sliding distance for Nb-Cr (Cr 50V)
coating
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Figure 4.25 Friction coefficient evolution vs, Sliding distance for Nb-Cr (Cr 75V) 
coating
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Figure 4.26 Friction coefficient evolution vs. Sliding distance for Nb-Cr (Cr 100V)
coating
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Figure 4.27 Friction coefficient evolution vs, Sliding distance for Nb-Cr (Cr 125V) 
coating
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Figure 4.28 Friction coefficient evolution vs. Sliding distance for Nb-Cr (Cr 175V)
coating
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Figure 4.29 Friction coefficient evolution vs. Sliding distance for Nb-Cr (Cr 250V) 
coating
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5. Discussion
The aim of this investigation was to determine the effect of Cr target voltage on the 
sputter deposited Nb coatings. This was investigated by manufacturing a series of 
coatings in the Hauzer HTC 1000-4 ABS™ system using the same set-up and 
process parameters except for varying the Cr target voltage from 0V to 350V in steps 
of 25/50 volts. The chemical composition of the coatings was determined using 
GDOES, which indicated levels of Cr in the coatings at the limit of calibration of the 
technique for target potentials below 200V. For samples coated at potentials above 
200V it revealed an increase in Cr deposition at the coating/substrate interface for all 
samples, which increased in concentration with target voltage. This whs seen as due 
to the clean target's higher sputter yield at higher target voltages.
After this initial peak, the level of Cr in the coatings decreased with increasing _
coating thickness until a dynamic equilibrium was established between sputtering Cr 
and deposition of Nb onto the Cr target. This resulting equilibrium level of Cr in the 
coatings increased with Cr target voltage due to the increased energy of the incoming 
ions resulting in a higher sputter yield.
The structure of the coatings was determined using X-ray difffactometry, (XRD) and 
showed all coatings to have a body centered cubic (BCC) lattice with extensive solid 
solubility as one would expect from the phase diagram, (figure 2.12). XRD also 
gave an indication of the texture of the coatings (table 4.4) which were 
predominantly (110) which is the most densely packed plane and therefore the most 
energetically favourable orientation. A pronounced reduction in texture was noted 
for the sample deposited with a Cr target voltage of 150V, however further coatings 
deposited using Cr target voltages between 75V and 200V failed to repeat this 
behaviour. XRD line broadening analysis indicated very large grained structures for 
all samples (0V, 50V, 100V, 150, 200, 250, 300, 350V). To give an indication of the 
error in the XRD measurements (texture, line broadening, stress, omega scans)
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repeat peak fitting was carried out. The results showed no deviation in the fitting 
process.
Analysis using asymmetric Bragg-Brentano geometry carried out at Sheffield Hallam 
University, and GAXRD at Hull University, (tables 42-4.4) showed a reproducible 
form of stress behaviour with increasing Cr target voltage. While absolute values 
varied as would be expected, a pronounced minimum was observed in both sets of 
data for a target voltage of 150V, which was also observed for repeat coatings using 
the asymmetric Bragg-Brentano method (table 4.3). Table 4.4 shows that GAXRD 
revealed an increase in the level of stress at the substrate/coating interface for most 
samples. This increase in the level of stress at the interface can be explained by the 
higher atomic % of Cr at the interface as revealed by the GDOES depth profiles, 
(figures 4.1-4.6).
Rockwell indentation tests showed no spallation around the circular indent for all 
coatings indicating good adhesion.
Ultramicrohardness measurements showed no general trend in the hardness of the 
coatings with increasing Cr content over the measured range. However, this may be 
due to the thickness of the coatings (~0.4pm) which are of a magnitude where the 
effect of the substrate can not be ignored.
Friction tests indicated an increase in the average coefficient of friction with Cr 
target voltage, although further work is needed to determine the reproducibility of 
this result.
Corrosion tests, the results of which are shown in figure 4.18 showed the coating 
deposited with a Cr target voltage of 350V was the most resistant to alkaline attack, 
followed by the coating deposited with a Cr target voltage of 50V, and finally the 
“pure Nb” coating. This can be seen clearly from the SEM micrographs of the
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topography of the surfaces of the coatings, shown in figures 4.19-4.22. All coatings 
performed better than the HSS substrate.
GDOES has shown the presence of a greater Cr atomic % at the interface for target 
voltages greater than 200V, which corresponds to an increase in stress as shown by 
GXRD. Corrosion tests indicated improved coating resistance to alkaline attack with 
increasing Cr target voltage, which agreed with work published by J.H. Hsieh and 
co-workers (102). They found that concurrent bombardment during deposition with 
low energy ions (lOO-lOOOeV) improved the structure and density of the Nb coatings 
due to increased adatom mobility. An alternative method to improve the coating 
structure and density of niobium, that they used, was to co-deposit with chromium. 
Further improvement was found using a combination of both ion bombardment and 
codeposition, (by increasing the Cr target voltage we have increased the level of ion 
bombardment and the atomic % of Cr in the coating). The results also agreed with 
other published work by Brooker (103) and Mawella and Sheward (104) who found 
that simultaneously depositing two metals that have different atomic radii (e.g. Nb 
and Cr) reduces self-shadowing effects, producing denser microstructures.
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6. Further Work
A series of further experiments is needed using longer deposition times as thicker 
coatings are required for mechanical testing, especially for the accurate 
determination of ultramicrohardness. This would also enable the elastic constants 
for the coatings to be evaluated for stress measurements. Care must be taken 
however, to ensure the setup of the vacuum chamber remains constant throughout so 
the existence of a possible relationship between stress and texture can be determined. 
Further friction measurements are needed using different measurement speeds to 
determine the reproducibility of the results obtained so far. A series of further 
corrosion measurements is required on samples deposited using a broader range of 
Cr target voltages to confirm the observed behaviour.
This study has given an indication of the effect of Cr target voltage and therefore Cr 
cross-contamination on the properties of co-sputter deposited films. The further 
work recommended should show the effect of the Cr target voltage on the 
mechanical properties of the coating and lead to an overall understanding of the 
fundamental processes involved.
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8. Appendix 1: Calculation of the theoretical X-ray peak intensities
The theoretical peak intensity is given by equation 8.1
where S is the area of the beam 
x is the coating thickness 
p is the absorption coefficient for the material
and Q = ^ [ F 2P(LP)].[e-2m]
where F is the structure factor
P is the multiplicity factor 
m is the temperature factor 
V is the volume of the unit cell
and LP is the Lorentz polarisation factor given by
t  Tt _  1 +  cos2
sin 0 cos0
where 20  is the angle between the beam and the surface
|Rhk, = Q .S -sin0
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